Effective vaccines induce high-affinity memory B cells and durable antibody responses through accelerated mechanisms of natural selection. Secondary changes in antibody repertoires after vaccine boosts suggest progressive B cell receptor (BCR) re-diversification, but underlying mechanisms remain unresolved. Here integrated specificity and function of individual memory B cell progeny reveal ongoing evolution of polyclonal antibody specificities through germinal center (GC) specific transcriptional activity. At the clonal and sub-clonal levels, single cell expression of Cd83 and Pol□ segregates the secondary GC transcriptional program into 4 stages that regulate divergent mechanisms of memory BCR evolution. These studies demonstrate that vaccine boosts re-activate a cyclic program of GC function in switched-memory B cells to remodel existing antibody specificities and enhance durable immune protection.
Clonal BCR diversification and selection of higher-affinity variants are the dominant mechanisms driving evolution of antigen-specific B cell memory [3] [4] [5] 12 . Somatic hypermutation (SHM) diversifies antigen-specific BCR in progeny of rapidly proliferating GC B cells 3, 4, 12, 13 . Clonal progeny expressing variant BCR scan follicular dendritic cell (FDC) networks [6] [7] [8] with varying ability for antigen uptake, processing and presentation. In this manner, GC B cells with greater access to antigen make stronger productive contacts with GC T FH cells 14 , proliferate more extensively and further diversify the preferred and selected antigen-specific BCR 15 . GC containment and the cyclic progression of BCR diversification can be observed through clonal organization of GC B cell repertoire analysis 16, 17 . However, it remains important to connect these multiple attributes within individual antigen-specific GC B cell clones to understand how specialized GC-specific transcriptional programs drive ongoing BCR re-diversification.
Modifying antigen-specific B cell memory at recall is central to antibody-mediated immune protection. Classic studies demonstrated the progressive increase in memory BCR diversity with antigen recall 18, 19 . While transfer studies indicated that memory B cells expanded without BCR re-diversification 20 , they also suggested that 'selective recruitment' of affinity-matured memory B cells into PC differentiation could explain ongoing antibody repertoire maturation without re-initiation of the GC reaction. Prime-boost studies using protein antigens 21, 22 and transfer models relying on particular antigens 23, 24 reported similar skewing of switched-memory responses towards PC production. Differential Bach-2 expression in switched-memory B cells suggested an intrinsic molecular basis for PC skewing at recall 25 . In contrast, many recent BCR repertoire studies of circulating human memory B cells [26] [27] [28] [29] [30] [31] [32] [33] observe clonal expansions of switched-memory B cells with BCR that expressed shared and unique mutations. These data suggest an alternate 'memory BCR rediversification' model that predicts local secondary GC formation and ongoing function with extended exposure to antigen or the vaccine boost. More recent adoptive transfer studies 34, 35 provide supportive evidence for this alternate model, but there remains little insight into local mechanisms.
Here, we developed a high-resolution cellular and molecular strategy to monitor antigenspecific GC B cell fate within intact primed animals expressing a polyclonal immune system. Our findings demonstrate that antigen recall elicits robust secondary GC reactions in large cohorts of switched-memory B cells. Secondary GC B cells reinitiate a cyclic GC transcriptional program to diversify memory BCR repertoires with ongoing antigen-driven selection at the clonal and sub-clonal level. Persistent primary GCs were not required for secondary GC formation and multiple lines of evidence demonstrate that switched-memory B cells are the major precursors in intact primed animals. These studies identify the local cellular targets and molecular mechanisms that drive ongoing switched-antibody rediversification at recall.
clear understanding of memory T FH organization and function, it is prudent and necessary to assess recall responses without the use of adoptive transfer. Here, we used hapten-protein (NP-KLH) prime-boost immunization to isolate antigen-specific (V L λ1 NP + ) memoryresponse B cells directly ex vivo [36] [37] [38] . After the boost, there was robust emergence of classswitched (IgM − IgD − ) antigen-specific GC (GL7 hi CD38 lo ) B cells expressing Bcl-6 protein and low amounts of CD62L (Fig. 1a) . Local emergence of these cells after the boost was not dependent on the presence of adjuvant (Fig. 1b) . Distinct IgD − GC structures containing CD21 + CD35 + follicular dendritic cell (FDC) networks, AID, Bcl-6 and GC-localized CD4 + T FH cells were evident by antibody labeling in tissue sections (Fig. 1c) . Based on flow cytometry and antigen binding, carrier protein-specific memory B cells also formed robust switched secondary GC in these draining LN at both timepoints after the boost (Fig. 1d) . Based on the same set of markers and cellular dynamics described above, changes in priming adjuvant (Supplementary Fig. 1a ), priming dose (Supplementary Fig. 1b ) or time after priming (>6months; not shown) generated similar frequencies and levels of GC B cells after the boost. Therefore, local antigen re-challenge drives robust GC reactions containing large numbers of switched antigen-specific GC B cells with broadly similar spatial organization in situ.
Class-switched B cells re-diversify BCR within secondary GC
To measure ongoing BCR diversification in vivo, we connected the information for phenotype and antibody repertoire for >500 individual switched antigen-specific B cells over the course of the secondary response. V L λ1-V H 186.2 expressing polyclonal B cells with numerous unique junctional sequences dominated the response in vivo (Supplementary Fig. 2 ). We used dendrogram displays of near-neighbor sequence alignment 39 to depict the scale of polyclonal relatedness within responding antigen-specific B cells sorted from separate timepoints after initial priming or the secondary boost. Changes between primary-response GC, memory B cells before recall and GC B cells after the boost, demonstrated high amounts of BCR diversification through polyclonal outgrowth within secondary GC reactions (Fig. 2a) . Linear distance from the predicted root of each dendrogram (Fig. 2b) , changes in the frequency of mutations per GC B cell (Fig. 2c) and the distribution of aa changes (Fig. 2d) all indicated ongoing memory BCR diversification within switched secondary GC B cells. Soluble antigen boost induced shorter measured distance to root (Fig. 2b ) and lower numbers of mutations per GC B cell (Fig. 2c ) than found with adjuvant. As such, the single cell analysis quantifies increased BCR diversification in polyclonal switched-memory BCR repertoires induced by the vaccine boost and influenced by addition of exogenous adjuvant.
Transcriptional programs expressed by secondary GC B cells
Recent imaging strategies have used location to define zonal changes in gene expression that accompany progressive GC B cell function 3, 9 . Here we used high-order 96-plex single cell RT-qPCR to quantify gene expression in individual antigen-specific B cells (Supplementary Fig. 3 ). An increased percentage of switched secondary GC B cells from day 8 after the boost expressed genes encoding GC guidance and survival cues (Cxcr5, Cxcr4, Baffr, Il21r), indicators of proliferation (Mki67, Pcna), BCR diversification (Aicda, Polh), DNA repair and transcriptional regulators (Bcl6, Foxo1, E2a, Id3) and co-modifiers of T-B contact (Ly75, Slamf1, CD24a, Fas) (Fig. 2e, upper panel) compared to memory B cells before the boost. These indicators of GC-specific transcriptional programing were induced rapidly after the boost in GC B cells with high frequencies maintained at the single cell level across the first week (Fig. 2e, lower panel) .
Individual switched-memory B cells were mostly quiescent displaying negligible Aicda expression and low frequencies of cells with Bcl6 and Mki67 mRNA (Fig. 2f) . In contrast, expression of Aicda, Bcl6 and Mki67 mRNA indicated global GC transcriptional activities that persisted 70 days after initial priming, and were also detected on day 4 and 8 after recall within recently expanded individual secondary GC B cells. In the absence of adjuvant at the boost, Aicda, Bcl6 and Mki67 mRNA are present at similar levels on a per GC B cell basis at the same timepoints following the boost. These data demonstrate re-initiation and ongoing GC-specific transcriptional activities within secondary GC B cells that serve to re-diversify the switched BCR repertoires of polyclonal memory B cells.
Cyclic GC transcriptional programs assort across 4 stages
The GC cycle involves sequential transcriptional changes and coordinated cellular function to promote and enhance BCR diversity. To interrogate the coordinated programming of multiple progressive GC B cell functions, we calculated the combinatorial associations of gene expression among individual antigen-specific GC B cells. Principal component analysis (PCA) of gene expression from all secondary GC B cells segregated a subset of GC-associated activities into putative LZ (eg Cd83, Slamf Cd86, IL21r and Myc,) and DZ (eg Polh, Cxcr4, Mki67 and Cd24a) sub-compartments ( Supplementary Fig. 4 & 5) . We then used the dimensionality reduction algorithm t-SNE (t-distributed stochastic neighbor embedding) 40 to display varied differential expression for a subset of known GC activities 9 (Cd79b, Bcl6, Aicda, Mki67, Polh, Cd83 and Cxcr4) across the secondary GC B cells after the boost (Fig. 3a) . With few exceptions, switched GC B cells clustered into four major regions of bivariate t-SNE plots (separately designated as Stages 1 to 4) representing clustered and segregated transcriptional activity in single GC B cells (Fig. 3b) .
From the selected set of genes, Cd83 and Pol□ mRNA contributed most clearly to the clustering of individual GC B cells (Fig. 3c) Across the four stages of the proposed GC cycle Cxcr4 and Mki67 levels per GC B cell skewed towards GC cells in the DZ ( Fig. 3d; upper panels) . Higher proportions of cells within stages 2 and 3 expressing Il21r, Slamf1 (Fig. 3d, middle panels) and the predicted relationship between cells across the 4 stages based on coordinated Cd83, Polh, Aicda and Mki67 supported the cyclic behavior of GC B cells in the proposed model ( Supplementary  Fig. 6 ). Furthermore, LZ re-entry between stages 4 and 1 of the GC cycle was accompanied by decreased Cxcr4, Mki67, Cd24a and increased Cd38 expression ( Fig. 3e & 3f ; bottom panels). Antigen presentation and T-B contact in the LZ between stages 1 and 2 was accompanied by lowered Cxcr4, E2a expression and increased Icosl, IL21r, Baffr, Slamf1, Cxcr5 ( Fig. 3e & 3f ; top panels). DZ entry after T-B contact between stages 2 and 3 was associated with increased expression of Aicda, Pcna, Mki67, Cxcr4, Ly75 and CD24a (Fig.  3e second panel & Fig. 3f fourth & fifth panels). Finally, extended diversification in the DZ between stages 3 and 4 was accompanied by continued high expression of Aicda, Mki67, Cxcr4 and decreased Myc, Ly75 and Il10rb ( Fig. 3e; third panel) . These more extended analyses of coordinated single cell gene expression are consistent with the proposed cyclic progression of GC B cell transcriptional programing.
Sub-clonal adaptive radiation of switched BCR repertoires
Ongoing selection of diversified antigen-specific BCR within individual GC B cell clones provides direct evidence of GC function in vivo 16, 17 . To reveal the evolutionary dynamics of secondary GC function, we directly connected the single cell gene expression to clonal BCR repertoire analysis in an integrated single cell analysis (iSCA). We performed iSCA on antigen-specific GC B cell clones isolated from individual LNs from day 4 and 8 after the boost and defined by unique CDR3 junctions (>10 members per clone; n = 9). The index sort analysis of the clones indicated that levels of antigen binding, light chain expression and surface phenotype distribution was similar to the total population of GC B cells (Fig. 4a ; clone G displayed against contour plots for total population). Furthermore, each clone contained sub-clonal members distributed across all 4 stages of the GC cycle (Fig. 4b) . Fewer sub-clonal members resided in stages 2 and 3 of the GC cycle (Fig. 4b ) consistent with the loss of unselected LZ GC B cell variants and exit from the GC after T-B contact.
Sub-clonal distribution of BCR mutations reveals GC evolutionary dynamics. We next assessed whether individual GC clones converge towards a single variant on a subclonal branch or diverge across multiple options to progress diversification in many branches independently. Sequence alignment and near neighbor analysis of clonal BCR repertoires displayed in radial phylograms outlined sub-clonal GC B cell activity ( Fig. 4c ; clone H & G). Based on these related distributions of mutational variants, there was evidence for multiple divergent branches of sub-clonal variants that had re-expanded after selection and re-diversified in separate clusters of GC clonal progeny (Fig. 4c) . Separate sub-clonal clusters also contained individual members of the clone that distributed across multiple different GC transcriptional stages as defined by the tSNE grouping of 4 stages as described above (Fig. 4d) . In a separate representation of clonal data, we tabulated multiple facets of cellular and molecular secondary GC B cell activity independent of BCR sequence alignment to highlight similar and unique GC programs expressed at the sub-clonal level ( Fig. 4e ; clone G).
Taken together, these results demonstrate re-diversification of the mutated and classswitched BCR repertoire in antigen-specific secondary GC B cells. These data also indicate that antigen drives the selection of sub-clonal BCR variants within secondary GC. Furthermore, the segregation of individual GC B cells across the 4 stages of the GC cycle in separate intra-clonal clusters indicates the permissive, ongoing and divergent nature of antigen-specific secondary GC B cell evolution. These results favor a divergent mechanism of evolution and reveal the dynamics of sub-clonal adaptive radiation within secondary GC for switched-memory BCR repertoires.
De novo secondary GC formation
Local LN GC reactions can persist at low levels for extended periods 43 and activated B cells can join pre-existing GC 44 . To investigate whether secondary GC reactions can arise de novo following antigen recall regimes described above, we focused analysis on remote cervical LNs that contained no evidence of persistent primary GC (Fig. 5a ). In these primed animals, an intravenous boost of antigen without adjuvant induced equivalent frequencies of antigen-specific GC B cells in both local LNs draining the initial priming site and remote LNs. Next, using blocking anti-CD40L antibodies, we ablated pre-existing GCs in similarly primed animals, an intravenous antigen boost produced equivalent frequencies of GC B cells compared to untreated controls (Fig. 5b) . In both sets of experiments, antigen-specific memory B cells are the most likely precursors of the local secondary GC response at recall. Therefore, the vaccine boost can induce de novo GC reactions, even at lowered local levels of antigen, and does not require adjuvant or the presence of persistent primary-response GC reactions.
Switched memory B cells can form GC on transfer
We next used adoptive transfer models to examine the origins of secondary GC precursors. Day 70 after priming with NP-KLH, switched-memory B cells (IgM − IgDCD19 + GL7 − ) were isolated without using antigen-specificity and co-transferred with CD4 + CD44 hi T cells as a source of memory T H cells into Rag-1 tm1/Mom recipient mice (Supplementary Fig. 7a ). Day 14 after recall, high numbers of non antigen-specific CD38 − GL7 + GCs were observed in the spleens of recipient animals, however the antigen-specific (NP + λ + ) GC response (CD38 − GL7 + ) was variable (not shown). To overcome the variability within the antigenspecific compartment, we included naïve non-specific B cells (MD4 BCR transgenic B cells specific for HEL) at transfer. This non-specific 'filler' cell effect resulted in antigen-specific switched-memory B cells consistently producing secondary GC responses at recall ( Supplementary Fig-7b & 7c) . To interrogate memory function under more physiological conditions than transfer into Rag-1 tm1/Mom recipients, we transferred 3-5 × 10 3 NP + switched-memory B cells (IgM − IgDCD138 − CD19 + CD38 + ) into naïve syngeneic WT recipients and observed antigen-specific (NP + λ + ) Bcl-6 expressing GC B cells in spleens of recipients 7 days after transfer and challenge (Fig. 6a) . As expected, isolated CD38 − GL7 + antigen-specific GC B cells transferred in this model were not recovered and did not respond to immunization (not shown). In a third model using transfer of NP+ switched-memory B cells transfer into unconditioned the MD4 BCR transgenic as recipient, we observed substantial antigen-specific (NP + λ + ) Bcl6 + GC B cell compartment (Fig-6b) . Thus, under all conditions tested, switched-memory B cells displayed the potential to form secondary GC reactions upon antigen recall.
IgM + memory B cells can form GC upon transfer and re-activation with repetitive particulate antigens 23 . Transferring equivalent numbers (3-5 × 10 3 ) of NP + IgM + and switched-memory B cells into unconditoned wild-type recipients produced similar expansion of NP + λ + memory B cells (CD138 − CD38 + GL7 − ) in spleens of recipients day 7 after recall (Fig. 6a) . Consistent with previous findings 25 , a minority of transferred memory B cells lost IgM expression after recall (Fig. 6a) . Furthermore, NP + IgM + memory B cells produced 10-fold fewer GC B cells than observed with switched-memory counterparts in similar unconditioned recipients (Fig. 6a) . Therefore, some IgM + memory B cells can form secondary GC 23, 35 , but switched-memory B cells have the dominant precursor potential for secondary GC formation in this model.
Switched memory B cells are predominant secondary GC precursors
We next measure the dynamics and diversity of the antigen-specific IgM + B cell response to antigen recall in the intact primed animal. TLR4 agonist adjuvant induced high amounts of IgG2a and IgG2b class-switch but also promoted NP + V L λ1 + IgM + memory B cells (Fig.  7a) . However, based on Bcl-6 expression, very few of these antigen-specific IgM + memory B cells resided within persistent primary-response GCs in the LNs at day 70 after priming and before recall (Fig. 7a) . Furthermore, V H 186.2 IgM + BCR from these IgM + memory B cells were largely unmutated or expressed related but unmutated non-V H 186.2 genes. The low mutation rate of IgM + memory B cells is consistent with a GC independent pathway for this unswitched memory compartment 45, 46 . After recall, antigen-binding V L λ1 + IgM + memory B cells expanded predominantly into the antigen-specific CD138 + memoryresponse PC compartment, while <2% of the total antigen-specific cells expressed the GL7 hi CD38 lo GC phenotype (Fig. 7b) . Thus, as seen in the adoptive transfer, antigenspecific IgM + memory B cells had little secondary GC forming potential within the intact primed animal.
At the molecular level, class switch recombination (CSR) leaves switch circle transcripts within individual cells that have recently expressed recombination activity. To estimate the degree of CSR that might occur at recall, we quantified the frequency of IgM to IgG2b circle transcripts 47 in 30-cell samples of antigen-specific IgG2b + B cells (Fig. 7c-e) . There were few samples with transcripts (10-15%) detected at either day 3 of the early recall response in GL7 + CD38 + IgG2b-switched antigen-specific B cells or by day 5 after recall in either GL7 + CD38 + or GL7 + CD38 − GC compartments of the draining LNs (Fig. 7c-e) . Attesting to the sensitivity of this approach, >95% GL7 + CD38 + IgG2b-expressing B cell samples from early in the primary response expressed IgM to IgG2b CSR activity. Taken together, this suggests that pre-existing switched-memory B cells, and not IgM + memory B cells, are the dominant antigen-specific precursors of secondary GC reactions.
DISCUSSION
In these studies, we develop a novel and high-fidelity means for connecting cellular phenotype, gene expression and BCR repertoire for the individual progeny of antigen-specific memory B cells after antigen recall. Our findings establish the capacity of memory B cell responders to re-diversify expressed antigen-specific BCR in secondary GC reactions. In this manner, 'memory BCR re-diversification' can contribute substantially to the evolution of circulating antibody repertoires. Cd83 and Polh gene expression segregated individual switched-memory GC B cells across four stages of GC function at the clonal and sub-clonal level. Assortment and progress of sub-clonal GC B cell activity described divergent adaptive evolutionary dynamics that simultaneously enhance antigen binding and drive intra-clonal diversity at the boost.
At the single cell level, switched-memory BCR re-diversification is supported by GCspecific transcriptional programs and driven by antigen-specific selection 9, 11, 14, 15 . The primary-response GC microenvironment and GC-specific transcriptional programs are required for induction of high-affinity switched B cell memory and central to antibodybased immune protection [3] [4] [5] 12 . Here, we probe the secondary GC transcriptional program at the single cell level and find individual class-switched GC B cells in four major clusters. Importantly, segregation of Cd83 and Polh expression in single cells predicts the cyclic progression of GC function.
CD83 is associated with antigen presentation and stabilization of MHC II 42 and both protein and mRNA are differentially expressed in LZ GC B cells 3, 9 . Differential antigen uptake, presentation and up-regulation of molecules at the T-B interface by LZ Stage 1 & 2 GC B cells could facilitate antigen-specific selection. Higher-affinity LZ B cells could preferentially form longer productive contacts with GC T FH cells 14 , increase c-Myc expression 48, 49 , re-enter the DZ 9 and undergo more rounds of division 15 . However, static analysis cannot resolve time of recruitment and phenotype-based isolation of cells cannot resolve cyclic re-entry dynamics. Polh is an error-prone DNA polymerase 41 Under conditions of local protein vaccination and antigen recall, we demonstrate that switched-memory B cells can form robust secondary GC reactions. These findings are consistent with early reports of substantial non-PC antigen-specific cellular expansion 36, 37 and GL7 + GC B cell emergence to recall 38 . Particulate antigens with IV priming 23, 24 engage splenic B cells by potentially different mechanisms, with varying cognate T FH cell requirements and memory T H cell induction. An altered balance of memory B cell subsets 35 may also impact the function of transferred memory B cells. Pre-immune repertoires of antigen-specific B cell and T H cell responses to any foreign antigen will impact initial priming and potentially alter the recall response. In this manner, intact memory responses to phycoerythrin (PE) 21, 23 may be more sensitive to initial priming and adjuvant for the formation of memory T H and B cell compartments. Nevertheless, even after adoptive transfer, there is evidence for secondary GC formation by class-switched memory B cells 22, 25, 35 , albeit at very low levels compared with PC production. Population based studies focused on changes in somatic hypermutation after transfer and recall 34 also supported ongoing switched BCR diversification.
Modifying switched-memory B cell fate at recall provides a powerful opportunity to optimize circulating antibody repertoires towards enhanced antigen binding. Skewing towards PC formation at recall has been attributed to transcriptional differences in switched versus IgM + memory B cells 25 . This skewing has also been seen in the PE-specific 21 , VLP recall responses 24 and after SRBC recall in adoptive transfers 23 . We have observed rapid PC skewing in early splenic recall responses 36, 38 . Some of these differences can be attributed to the vaccine adjuvant skewing towards different memory B cell subsets 35 . It is also important to emphasize that memory B cell responses to most protein antigens require cognate T cell help 50 . Hence, we predict it will be plausible and advantageous to reformulate the boost adjuvant to favor the secondary GC B cell fate and promote optimal switched antibody repertoires binding for effective long-lasting antigen-specific immunity.
We propose that complex viral proteins at infection 26, 27, 29, 30, 32 or in vaccine prime-boost formulation 28, 31, 33 will drive similar local BCR re-diversification mechanisms. Hence, ongoing changes to circulating antibody repertoires reported across many human infectious responses are most simply explained by the induction of local secondary GC reactions. Clusters of recently-diversified post secondary GC memory B cells and PCs in the circulation would be responsible for the ongoing clonal diversification observed in these human studies.
By targeting minimal epitopes on complex immunogens, we reveal divergent evolutionary dynamics at the polyclonal, clonal and sub-clonal levels in intact primed animals. At the population level, induced BCR changes converge towards higher-affinity binding of antigen 3, 4, 12 . However, at the single cell level, the reinforcement and expansion of multiple sub-clonal variants describes a more divergent evolutionary process. Under these conditions, recall responses to variant antigens would permit and then enhance re-focusing of memory BCR to antigenic variants of the original vaccine These powerful evolutionary mechanisms can rapidly remodel antibody repertoires of pre-existing memory B cells to optimize antibody-based immune protection. We propose that targeting switched-memory B cells to re-initiate GC specific transcriptional programs will enhance the depth and increase the breadth of vaccine-induced immune protection. 
Methods

Immunizations and antibody treatments
Primary immunizations were performed with 400μg 4-hydroxy-3-nitrophenylacetyl (Biosearch) conjugated to keyhole limpet hemocyanin (Pierce, NP-KLH) mixed with MPLbased adjuvant subcutaneously at the base of the tail. Secondary immunizations (boosts) were subcutaneous or i.v. with 100μg NP-KLH in the absence (PBS only, soluble) or presence of MPL-based adjuvant greater than 70 days after priming. Immunization with Alum adjuvant (Aluminum-potassium-sulfate (Sigma) precipitated with 1M potassium hydroxide (Sigma)) and Complete Freund's Adjuvant (CFA, Sigma) was used as indicated.
To ablate persisting GCs in primed animals, anti-CD40L (MR1, BioXCell) blocking antibody was injected 3 times every other day (300μg per injection, i.p.) starting on week 9 after priming. Mice were sacrificed or boosted 6 days after the last injection. Matching doses of polyclonal hamster IgG (Pierce) were used as control.
Flow cytometry
Single cell suspensions of draining (inguinal and periaortic), non-draining (cervical) lymph nodes and spleen were prepared, incubation in 0.17M NH 4 Cl to lyse red blood cells, cells were then counted and re-suspended in PBS with 5% (v/v) FBS at a concentration of 4 × 10 8 cells per ml for staining. Anti-CD16/32 (2.4G2) was first added for 10min on ice, before addition of cocktails of fluorophore-labeled or biotin-labeled monoclonal antibodies for 45 min on ice. After washing, biotin-labeled antibodies were revealed with Qdot655-streptavidin conjugates for 15 min on ice, For surface IgG2b staining, cells were blocked with anti-CD16/32, incubated with biotinylated or PE anti-mouse IgG2b for 45 min on ice, washed and blocked with 1% mouse and rat sera, and then stained with a cocktail containing fluorophore-conjugated antibodies, NP-PE or NP-APC, and Qdot655-streptavidin for 45 min on ice. For intracellular Bcl-6 staining, surface-stained cells were labeled with the eFluor506 or eFluor780 viability dyes (eBioscience), fixed and permeabilized with buffers from a transcription factor staining kit (eBioscience), blocked with 1% mouse and rat sera in permeabilization buffer, and stained for 30 min on ice with PE anti-Bcl-6. A list of monoclonal antibodies used for this study is provided as Supplementary Table 1. Cells were washed and resuspended in PBS/FBS. High-resolution analysis using a four laser Aria III with index cell sorting was central to all studies. Use of 12-15 color resolution for analysis and isolation of single class-switched antigen-specific GC B cells provided the requisite purity as attested by efficiency of single cell gene expression. Analysis was done on a FACS Aria III with FACS Diva software equipped with index sorting software (BD Biosciences) to record the exact data for each single cell sorted into each well of a 96 well plate. Indexed cell sorting permitted the direct tracking of individual cells processed for surface phenotype, BCR repertoire analysis and gene expression to quantify the levels and penetrance frequency for genes of GC-associated function. Flow cytometry data were analyzed with FlowJo software (Tree Star).
Fluorescence immunohistochemistry
Draining lymph nodes were fixed overnight at 4°C in paraformaldehyde-lysine-periodate buffer, dehydrated in 30% sucrose, embedded in OCT medium (Tissue-Tek) and frozen on dry ice. Eight micrometer tissue sections were prepared and slides were air dried then rehydrated in PBS prior to staining. Sections were permeabilized and blocked for 1h at room temperature in NGS blocking buffer (PBS + 10% normal goat serum + 0.05% Triton X-100). Purified rat monoclonal antibodies (anti-AID or anti-CD4) were diluted in NGS blocking buffer and added on slides for overnight incubation at 4°C in a humidified chamber. Washed slides were then stained with AlexaFluor488 goat anti-rat IgG diluted in NGS blocking buffer for 1 hour at room temperature. Slides were then blocked with NRS blocking buffer (PBS + 10% normal rat serum + 0.05% Triton X-100) before staining with fluorophore-conjugated antibodies diluted in NRS blocking buffer overnight at 4°C. A list of antibodies used is in Supplementary Table 1. Slides were mounted in Aquamount medium (Thermo Scientific) and analyzed on a Nikon C2 confocal microscope equipped with 4 lasers (408nm, 488nm, 543nm, 633nm) and a 60x objective. Images were acquired with Nikon Elements software and further processed with Adobe Photoshop CS4.
Single-cell multiplex quantitative PCR and BCR analysis
Individual LNs were collected for most integrated studies of GC function to increase likelihood of clonal samples. Single NP-specific B cells (CD3 − Gr1 − CD19 + IgD − IgM − λ1 + NP + ) GC (CD138 − B220 + CD38 − GL7 + ) or memory cells (CD138 − B220 + CD38 + GL7 − ) were individually FACS sorted into 96 well plates containing 5μL RT-Pre-Amplification Master Mix (2.5μL CellsDirect 2x Reaction Mix; 0.1μL SuperScript III RT/Platinum Taq (CellsDirect One-Step qRT-PCR kit, Invitrogen); 0.25μL pooled 0.5μM outside gene expression primers and VLλ1 and VH186.2 BCR outside primers; 2.15μL DEPC DDW). As negative control for each plate, at least 4 wells per plate had no cell and were processed throughout the procedure. Therefore a total of 384 individual negative data points were included for each plate. The RT was performed at 50°C for 15 min, followed by 95°C for 2 min, then 22 cycles of 95°C for 15 sec, 60°C for 4 min. The pre-amplified cDNA were diluted 5 times in TE buffer and processed for gene expression and B cell receptor analysis.
For multiplex gene expression analysis, the BioMark Real-time PCR system (Fluidigm) was used with TaqMan Universal PCR Master Mix (Applied Biosystems) and inventoried TaqMan gene expression assay in 96.96 dynamic arrays. Single cells not expressing at least 2 reference genes (Gapdh, Actb and B2m) were removed from the analysis (<5% of cells). The Ct values from individual cells were transformed into relative mRNA abundance levels by subtracting the Ct value from a baseline of 30 and converting to numerical values at 2 for display on log scale. Primers and Taqman assays used for RT qPCR are displayed in Supplementary Table 2. For BCR analysis, 1μl of the pre-amp product was used for 10μl amplification reaction containing 2 u/ml Taq polymerase, 200μM of each dNTP (Roche), 1mM Tris-HCl, 1.5mM MgCl, 25mM KCl and 0.8μm of the nested primers VH186-b(sense) (5'-CTT GGC AGC AAC AGC TAC AG-3') and Cg1-b(antisense) (5'-CAC TGG CTC AGG GAA ATA GC-3') for heavy chain amplification with the following PCR program: 95°C for 5 min then 40 
PCR products were purified (ExoSAPT-IT, USB) and sequenced with Big Dye Terminator v3.1 cycle sequencing kit (Applied Biosystems) using 3.2pmol of the second round PCR antisense primer Cg1-b for heavy chain products. Sequence products were purified (BigDye XTerminator purification kit, Applied Biosystems) and run on a 3130 genetic analyzer (Applied Biosystems). V, D and J gene segments were assigned using NCBI Ig blast and the Kabat nomenclature. Single cells nucleotide sequence were near-neighbor aligned using Clustal Omega and based on nucleotide sequence in BCR junctional regions assigned a clone and cell ID. Phylogenetic trees were generated with Dendroscope 3 39 .
t-distributed stochastic neighbor embedding (t-SNE)
For gating and visualization, gene expression data files were compiled into FCS files (CsvtoFcs, GenePattern, Broad Institute) and analyzed with FlowJo. t-SNE 40 analysis of gene expression (30-Ct format) from GC B cells (n=372) was done with Cyt (Pe'er lab, Columbia University) running with Matlab, with 7 selected parameters (Aicda, Bcl6, Cd79b, Cd83, Cxcr4, Mki67, Polh). t-SNE creates a two-dimensional representation of data points where closest neighbors in the high dimensional space are plotted in close proximity, thus conserving the local similarities between data points. The t-SNE coordinates of every data point were collated to the transformed (2 30-Ct ) gene expression parameters and other sequence-derived parameters (e.g. clonal identity) into a new FCS file. Four distinct subsets were defined on the t-SNE map (stages 1-4). Cells which were in none of these gates were assigned a GC stage based on their expression of Cd83 and Polh, and are marked with an asterisk or represented by a colored ball without black contour. For every gene in our dataset (n=87), we used a Mann-Whitney test to compare the expression (30-Ct) by single cells of consecutive t-SNE-defined stages. The expression index (E.I.) of every gene was calculated for the four stages as: E.I. = "percent of positive cells" x "mean expression of positive cells". For every gene, the fold change in expression between consecutive stages was calculated as: and depicted as ± depending on the direction of change. "Volcano" plots were then created for every transition by plotting the p-value of the Mann-Whitney comparisons versus the fold change for every gene. Genes that had a fold change >1.5 (gain or loss) and a p<0.05 for at least one of the transitions were selected, and the fold changes of every transition were displayed in a heatmap (Gene-E, Broad Institute).
Adoptive transfers
Single cell suspensions pooled from spleen and draining lymph nodes of primed donor animals (B6 or B6.CD45.1) 10 weeks after NP-KLH immunizations were prepared. For transfer of non-specific class-switched memory B cells into B6.Rag1 −/− recipients, cell suspensions were stained with a cocktail of monoclonal antibodies, and class-switched memory B cells (CD8 − Gr1 − IgM − IgD − CD4 − CD19 + GL7 − ) and CD4 + CD44 hi (CD8 − Gr1 − IgM − IgD − CD19 − CD4 + CD44 hi ) memory T cells were sorted separately into complete DMEM culture medium by FACS. Spleen cell suspensions from congenically marked B6.MD4 mice were prepared at the same time, and each recipient B6.Rag1 −/− mouse was transferred i.p. with approximately 10 5 class-switched memory B cells, 7.5 × 10 5 CD4 + CD44 hi memory T cells, and 25 × 10 6 B6.MD4 spleen cells. Recipient mice were immunized shortly after transfer with 100μg NP-KLH in MPL adjuvant i.p. (or adjuvant only). Donor B cell progeny was analyzed in recipient spleens 14 days after transfer.
For transfer of NP-specific memory B cell subsets, several enrichment strategies were used throughout the study to minimize cell sorting time. In some experiments, cell suspensions were first incubated with biotinylated anti-IgM (1B4B1, Southern Biotech) and anti-IgD (217-170, BD Biosciences), washed and mixed with streptavidin microbeads (Miltenyi) before purifying positive and negative fractions on magnetic columns (Miltenyi). Both fractions were stained with the same cocktail of monoclonal antibodies, and class-switched NP-specific memory B cells (CD8 − Gr1 − IgM − IgD − CD4 − CD19 + GL7 − CD38 + NP-PE + ) and CD4 + CD44 hi memory T cells (CD8 − Gr1 − IgM − IgD − CD19 − CD4 + CD44 hi ) were sorted from the negative fractions by FACS, while IgM + NP-specific memory B cells (CD8 − Gr1 − IgM + IgD + CD4 − CD19 + GL7 − CD38 + NP-PE + ) were sorted from the positive fraction.
In other experiments, cell suspensions were first incubated with biotinylated anti-kappa light chain (187.1, BD Biosciences), anti-CD8 (53-6.7), anti-TER-119 (TER-119), anti-NK1.1 (PK136), anti-F4/80 (BM8) and anti-Gr1 (RB8-6C5, all from eBioscience), washed and mixed with Biotin Binder Dynabeads (Invitrogen) before separating the bound and unbound cells in a magnet. The negative unbound fraction was then stained with the cocktail of monoclonal antibodies and all subsets were sorted from that fraction based on the phenotypes described above.
Regardless of the enrichment method used, purity of sorted populations was greater than 99% upon re-analysis. Approximately 3-5 × 10 3 NP-specific memory B cells (classswitched or IgM + ) and 5-10 × 10 5 CD4 + CD44 hi memory T cells were transferred i.v. (tail vein) into B6, B6.CD45.1, or B6.MD4 hosts. Shortly after transfer, recipient animals were immunized with a total of 100μg NP-KLH in adjuvant (50μg i.p and 50μg s.c. base of tail). Donor B cell progeny was analyzed in recipient spleens 7 days after transfer. There was no significant impact of different enrichment procedures on the outcome of these experiments.
Analysis of Cμ-Iγ2b circle transcripts
IgG2b + NP-specific B cells expressing different levels of CD38 and GL7 from day 5 after priming or days 3 and 5 after boost (adjuvant) were isolated. Thirty cell samples were sorted for pre-amplification in a 5μl master mix as described above with 50nM external forward (Iγ2b F1, 5'-GCT CCA CAT GTG AGT GTG GT-3') and reverse (Cμ R1, 5'-GCG AGG TGG CTA GGT ACT TG-3') primers 47 . 96-well thermocyclers (Applied Biosystems) were used for cDNA synthesis and Cμ-Iγ2b circle transcript pre-amplification: 15 min at 50°C, 2 min at 95°C, and 22 cycles of 15 sec at 95°C followed by 4 min at 60°C. Pre-amplification products were diluted 1:5 in TE buffer, and 1μl was used for amplification of Gapdh and Cμ-Iγ2b circle transcript cDNA by quantitative PCR (qPCR). The reaction mix consisted of 5μl SYBR green reaction mix (PerfeCTa SYBR Green FastMix, Quanta Biosciences), 250nM internal forward (Iγ2b F3, 5'-CAC TGG GCC TTT CCA GAA CTA-3', or Gapdh F, 5'-GCAG TGG CAA AGT GGA GAT T-3') and reverse (Cμ R3, 5'-AAT GGT GCT GGG CAG GAA GT-3', or Gapdh R, 5'-TGC CGT GAG TGG AGT CAT AC-3') primers, and 3.5μl water. MicroAmp Fast 96-well plates (Applied Biosystems) were used in a
StepOnePlus Real Time qPCR thermocycler with the following program: 10 min at 95°C, 40 cycles of 30 sec at 95°C followed by 1 min at 60°C, and melt curve generation by 0.3°C increments from 60°C to 95°C. Gapdh amplicons were detected with a Ct of approximately 25-30, and Cμ-Iγ2b circle transcripts at a Ct of 13-16. Products were run on a 2% (w/v) agarose gel to verify they matched the expected amplicon sizes (approximately 90 bp for Gapdh and 300 bp for Cμ-Iγ2b). While Gapdh transcripts were detected in all samples sorted, Cμ-Iγ2b circle transcripts had a "digital" expression; thus positive samples had at least 1 out of 30 sorted cells that had recently switched from IgM to IgG2b, but negative samples likely contained none.
Statistics
Mean values, standard error of the mean, unpaired t-tests and Mann-Whitney tests were calculated and graphed with Prism software (GraphPad). A P value of less than 0.05 was considered statistically significant.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Graph displays mean ± sem, n=3 mice for each timepoint, ** p<0.01, *** p<0.001, two-tailed t-test.
